Chemolithotrophy, discovered by Sergei N. Winogradsky in 1887, originated from the observation of sulfur droplets in the filaments of Beggiatoa growing in the presence of hydrogen sulfide (18, 48) . Among the few inorganic substrates used by bacteria in the chemolithotrophic process, a comparatively larger variety of reduced inorganic sulfur species support lithotrophic growth of a large number of phylogenetically diverse groups of bacteria and archaea (14) . However, chemolithotrophic growth on sulfur was thought to be a conserved genetic trait and was used as the key taxonomic characteristic for the genus Thiobacillus (16, 17) . As a result, a variety of physiologically and genetically unrelated eubacteria were classified as Thiobacillus species (14) . Phylogenetic analyses based on 5S or 16S ribosomal DNA sequences had shown that the sulfur lithotrophs including the Thiobacillus species belong to the ␣, ␤, and ␥ subclasses of Proteobacteria (21, 22, 32) .
The knowledge of the biochemistry and molecular biology of sulfur lithotrophy in microbes must be considered important in understanding the genetic relatedness within the members of Thiobacillus and the relationship of this genus with other sulfur lithotrophs. Extensive biochemical investigations of the oxidative dissimilatory metabolism of sulfur compounds were reported previously (6, 24, 25, 29, 34, 35, 42) . Even so, the mechanism involving the specific enzymes, proteins, or accessory factors is rather poorly understood. The element sulfur enjoys a wide range of oxidation states, Ϫ2 to ϩ6, and sulfur lithotrophs are not necessarily similar in using specific sulfur species in their lithotrophic processes. Consequently, distinct biochemical pathways have been proposed for different sulfur lithotrophs (14, 16, 36) .
Thiosulfate is the common oxidizable substrate that is most suitable for the investigations of sulfur lithotrophic processes. For Paracoccus versutus (formerly Thiobacillus versutus), a thiosulfate-oxidizing periplasmic multienzyme system comprising enzyme A, enzyme B, and multiheme cytochromes was characterized (24, 25) . The proposed mechanism is designated the Paracoccus sulfur oxidation (PSO) pathway (18) . The function of enzyme A or enzyme B was not demonstrated. In Paracoccus denitrificans, a DNA region essential for sulfur oxidation (Sox) was identified (31) . The sequence analysis revealed a partial open reading frame (ORF), soxA, and five additional ORFs (soxBCDEF) downstream of soxA (45, 46) . soxB seems essential in sulfur lithotrophy, and the product SoxB appears similar to enzyme B of P. versutus (45) . soxC encodes a sulfite dehydrogenase, the requirement for which in thiosulfate-dependent lithotrophic growth in P. denitrificans was experimentally verified (46) . The products of soxD and soxE were suggested to be c-type cytochromes. The partial sequence available for soxF exhibits significant similarity with the flavoprotein of Chromatium vinosum, a thiosulfate-oxidizing phototrophic chemolithoautotroph (7, 14) . The thiobacilli and other sulfur lithotrophs, phylogenetically close to P. denitrificans or P. versutus (␣-3 subgroup [22] ), may have acquired this PSO pathway (14, 18, 31) in the sulfur lithotrophic process.
Neither P. versutus nor P. denitrificans uses tetrathionate, an oxidizable substrate commonly used to support lithotrophic growth of many species of Thiobacillus (14, 16 ). An alternative mechanism of thiosulfate oxidation via the formation of tetrathionate, coupled with the electron transport at the level of cytochrome b instead of cytochrome c, was proposed for obligately lithoautotrophic, moderately thermophilic Thiobacillus tepidarius (26, 47) . The tetrathionate-utilizing sulfur lithotrophs such as Thiobacillus thiooxidans or Thiobacillus ferrooxidans, belonging to the ␤ subclass of Proteobacteria and closely related to T. tepidarius (21, 22) , may follow this tetrathionate intermediate pathway (16, 18) . Further, cleavage of thiosulfate to sulfite and sulfur by rhodanese was demonstrated to be the primary reaction in the process of lithotrophy of thiosulfate by Thiobacillus novellus (6, 14, 16, 34) . However, this process of sulfur lithotrophy, apparently distinct from the PSO or tetrathionate intermediate pathway, is yet to be investigated for other sulfur lithotrophs.
Several facultative sulfur lithotrophs, KCT001, KCT002, AS001, and AS002, have been recently isolated and characterized by this laboratory. KCT002, AS001, and AS002 are classified as strains of Paracoccus, and the strain KCT001 is phylogenetically distinct from known strains of Thiobacillus, other sulfur lithotrophs, and other bacterial species of the ␣ subclass of Proteobacteria (unpublished observation; C. Deb, E. Stackebrandt, A. Saha, and P. Roy, unpublished data). In the present study, transposon Tn5-mob insertional mutagenesis in KCT001 was performed to generate mutants impaired in the oxidation of sulfur compounds. A soxA gene was identified from transposon-adjacent genomic DNA of a thiosulfate oxidation-negative (Sox Ϫ ) mutant. Two primers designed from this soxA gene and one from Tn5 were used in a PCR-based method to walk down the genome of transposon insertion Sox Ϫ mutants. We have shown that six independent insertion mutations were mapped within a DNA region of 4.4 kb in the genome of KCT001.
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are listed in Table 1 .
Media and growth conditions. Luria-Bertani broth (LB) and Luria-Bertani agar media (30) were used to cultivate Escherichia coli (at 37°C) and facultative neutrophilic sulfur lithotrophs (at 30°C). For physiological and biochemical studies related to sulfur lithotrophic functions, the cells were grown in different medium formulations based on a modified basal mineral salts (MS) solution (9) . The MS solution contained the following (per liter of distilled water): NH 4 Cl, 1.0 g; K 2 HPO 4 , 4.0 g; KH 2 PO 4 , 1.5 g; MgSO 4 ⅐ 7H 2 O, 0.5 g; trace metal solution (44), 5.0 ml. Mixotrophic medium (MSTSY) contained the following: Na 2 S 2 O 3 ⅐ 5H 2 O, 10.0 g; sodium succinate, 5.0 g; and yeast extract, 5.0 g per liter of MS. Heterotrophic medium (MSSY) contained the same constituents as MSTSY except thiosulfate. Autotrophic medium (MST) and minimal succinate medium (MSS) contained the following: Na 2 S 2 O 3 ⅐ 5H 2 O, 5.0 g; or sodium succinate, 5.0 g per liter of MS. Yeast extract (50.0 mg) or a vitamin mixture (10.0 mg each of nicotinic acid, pantothenic acid, pyridoxine, thiamine, para-aminobenzoic acid, riboflavin, and biotin) was added in each liter of MST or MSS. The pH of each medium was adjusted to 7.5 to 8.0 with 2 N NaOH. Phenol red was added (20 mg/liter) as a pH indicator to thiosulfate-containing medium, whenever required. To prepare solid medium, agar was added to a final concentration of 20 g per liter.
Isolation of transposon insertion mutants. The plasmid vector pSUP5011 (38) , which is nonsegregative in nonenteric gram-negative hosts by virtue of a narrow-host-range (ColE1) replicon, carrying the transposon Tn5 with the broad-host-range mobilization sequence (mob), was used to deliver the transposon in the strain KCT001SR. Transconjugants were generated by the plate mating method as described previously (10) . Fresh LB-grown cultures of the donor SM10(pSUP5011) and the recipient KCT001SR were mixed at a 1:5 ratio to a final volume of 6 ml and centrifuged to pellet the cells. The cell pellet, resuspended in 200 l of LB, was spread on a Luria-Bertani agar plate and incubated overnight at 30°C. The conjugate growth on the mating plate was suspended in LB and plated after appropriate dilutions onto the selective medium (streptomycin [200 g/ml] plus neomycin [20 g/ml] ). The plates thus obtained were incubated for development of single colonies of transconjugants. Transconjugants were picked to prepare master plates, incubated for 2 to 3 days at 30°C, and replica plated on autotrophic agar (MSTA) and mixotrophic agar (MSTSYA) containing phenol red indicator and on a minimal succinate agar (MSSA) plate. The colonies which failed to change the color of phenol red in MSTA and MSTSYA were selected as Sox Ϫ , and those which could not grow on MSSA were identified as the auxotrophic mutants. This study a Ability to oxidize reduced sulfur compounds and chemolithotrophic growth is denoted by Sox ϩ , and inability to do the same is denoted by Sox Ϫ . b These strains are the new isolates described in the text; these will be reported elsewhere.
Substrate-dependent oxygen consumption. KCT001 (wild type) or KCT001SR was grown in MSTSY (induced condition) and MSSY (noninduced condition) media. The Tn5-mob insertion mutants were grown only in MSTSY medium. Exponentially growing cells at late log phase were harvested by centrifugation, washed, and resuspended in sodium phosphate buffer (100 mM, pH 8.0). The sulfur-oxidizing (Sox) activity of whole cells was determined polarographically with a biological oxygen monitor having a Clark-type oxygen electrode (Yellow Springs Instrument Co., Inc., Yellow Springs, Ohio). The assay mixture contained 300 mol of sodium phosphate buffer (pH 8.0), cell suspension (300 g of protein), an aliquot of a substrate solution, and water to a final volume of 3.0 ml. Concentrations of different substrates were as follows: sodium thiosulfate, 100 mol; potassium tetrathionate, 100 mol; sodium sulfite (dissolved in 5 mM EDTA), 8 mol; sodium sulfide, 13 mol; elemental sulfur (S 0 ), as waterinsoluble amorphous powder, 100 mg. Oxygen consumption rates were corrected for chemical oxidation and endogenous respiration.
Enzyme assays. Freshly grown cells were harvested by centrifugation, resuspended in potassium phosphate (100 mM, pH 7.5) or Tris-HCl (100 mM, pH 7.5) buffer, and broken by sonication. Cell debris was removed by centrifugation (12,000 ϫ g, 15 min), and the supernatant (cell extract [CFE]) was used for the enzyme assay. The activity of thiosulfate oxidase was determined by following the method described by Trudinger (42, 43) . The reaction mixture (2.5 ml) contained 250 mol of potassium phosphate buffer (pH 7.5), 3 mol of potassium ferricyanide, CFE (300 or 600 g of protein), water, and 20 mol of sodium thiosulfate to start the reaction. Sulfite oxidase was assayed by a method slightly modified from that of Charles and Suzuki (6) . The assay mixture contained 300 mol of Tris-HCl (pH 7.9), 3 mol of potassium ferricyanide, CFE (300 or 600 g of protein), water, and 10 mol of sodium sulfite in 5 mM EDTA to start the reaction. Enzyme activities were determined spectrophotometrically by measuring the rate of ferricyanide reduction at 420 nm. The activity of the thiosulfatecleaving enzyme rhodanese was measured by the rate of thiocyanate formation from thiosulfate and cyanide by following the method described by Oh and Suzuki (34) with minor modifications. The reaction mixture contained 150 mol of Tris-HCl (pH 7.5), 20 mol of potassium phosphate buffer (pH 7.5), 150 mol of thiosulfate, 100 mol of potassium cyanide, CFE (300 or 600 g of protein), and water to a final volume of 2.5 ml and was incubated for 10 min. Adding 0.5 ml of 38% (vol/vol) formaldehyde solution stopped the reaction, and formation of thiocyanate was measured at 460 nm after addition of 2 ml of 20% ferric nitrate solution.
Analytical methods. The level of thiosulfate in the medium was estimated by iodometric titration. Protein concentrations of soluble extract and whole cells were estimated with the Folin phenol reagent of Lowry et al. (23) and the modified Lowry method (15), respectively.
Recombinant DNA techniques. Bacterial genomic DNA was isolated by the method of Marmur (27) . Preparation of plasmid DNA, restriction analysis, ligation, and Southern hybridization were carried out as described by Sambrook et al. (37) . DNA fragments from an agarose gel were vacuum transferred to a nylon membrane with a Vacuogene blotter (Pharmacia, Uppsala, Sweden). For Southern hybridization, Bio-Nick labeling and Blue-Gene nonradioactive DNA detection systems (Gibco BRL, Gaithersburg, Md.) were used as described by the manufacturer.
Nucleotide sequence determination and sequence analysis. Sequencing the Tn5-mob-adjacent KO2-1 genomic DNA was done from the subclones pPM-1 and pPM-2 according to the manufacturer's specifications for Taq DNA polymerase-initiated cycle sequencing reactions using fluorescently labeled dideoxynucleotide terminators with an ABI PRISM 377 automated DNA sequencer (Perkin-Elmer Applied Biosystems, Inc.). The following primers were used for sequencing: TnG (5Ј-GTTAGGAGGTCACATGG-3Ј; nucleotides 63 to 79 [complementary] and 5740 to 5756 of Tn5; GenBank accession no. U00004 L19385 [4] ), Sox internal primer (5Ј-CGGCTCCGCGCCCATGTT-3Ј), and T3 universal primer.
Sequence data were analyzed by using the Genetics Computer Group (version 9-UNIX) software package (12) . Deduced amino acid sequence data were compared to the available databases by using the BLAST search programs (1). Molecular mass, isoelectric point (pI), and transmembrane prediction analyses were done through the ExPASy server of the Swiss Institute of Bioinformatics (http://www.expasy.ch). Identifications of signal peptides and predictions of cleavage sites were made using the Signal P program (33) . Hydropathy analysis was done according to the algorithm of Kyte and Doolittle (20) .
PCR. The following primers were used: soxAF (5Ј-TGGGAGAAGGGCAA GGAGCT-3Ј), soxAR (5Ј-GTCACATAGACCTCAAGCGC-3Ј), and TnG. The PCRs were performed using ELONGase (Gibco BRL) with 50 ng of genomic DNA in 50 l containing 200 M (each) deoxynucleoside triphosphates and 500 nM (each) primer and buffer with 1.5 mM MgSO 4 . The reactions were programmed as follows: 94°C for 5 min and then 30 cycles each consisting of 30 s at 94°C, 30 s at 55°C, and 3 min at 68°C and finally 7 min at 68°C to complete the primer extension. The PCR products were electrophoresed on agarose gel in Tris-acetate-EDTA.
Nucleotide sequence accession number. The EMBL nucleotide sequence accession number for soxA is AJ404005.
RESULTS
Transposon mutagenesis. The soil isolate KCT001 is a gram-negative, rod-shaped, neutrophilic, and facultatively sulfur lithotrophic bacterium. Sulfur lithotrophic characteristics such as oxidative activities in the presence of sulfur compounds and thiosulfate and/or sulfite oxidase or rhodanese activities of KCT001 (Tables 2 to 4 ) are comparable to the lithotrophic characteristics of typical facultative sulfur lithotrophs such as T. novellus, P. versutus, or P. denitrificans (6, 13, 34, 41) . However, chemotaxonomic and phylogenetic analyses and DNA-DNA hybridization with physiologically similar facultative sulfur lithotrophs revealed that KCT001 is distinct from any of the known sulfur lithotrophs (C. Deb et al., unpublished data). KCT001SR, the streptomycin-and rifampin-resistant spontaneous mutant of KCT001, is a good recipient of the broadhost-range IncP1 plasmid RP4, and the three antibiotic resistance phenotypes of RP4 (8) were expressed in the transconjugants (data not shown). Mobilization of Tn5-mob from the suicide vector pSUP5011 to the recipient cells occurred at a frequency of 10 Ϫ5 per donor cell. Twelve Sox Ϫ mutants were isolated from the screening of 10,000 neomycinresistant transconjugants from five independent mating experiments. About 0.3% of the total transconjugants failed to grow on MS succinate-glucose medium and were likely to be auxotrophic mutants (data not shown), which were not included for further study. Physiological characterization of sulfur oxidation-negative mutants. In the mixotrophic medium, the wild-type strain KCT001 (or KCT001SR) consumed 76% of the thiosulfate (20 mM initial concentration) in growth medium after 48 h of incubation and the production of acid (SO 4 2Ϫ ) effected a decrease of the pH of the medium from 8.0 to 6.5 ( Table 2 ). The Sox Ϫ mutants growing in the same medium utilized only 4 to 10% thiosulfate. Similarly, in the autotrophic medium, the wild-type strain consumed 90% thiosulfate, while the mutants were completely defective in utilizing thiosulfate in this medium (Table 2 ). KCT001SR grown in mixotrophic medium consumed oxygen at a significant rate in the presence of any one of the substrates thiosulfate, tetrathionate, sulfite, sulfide, and elemental sulfur, but the heterotrophically grown cells exhibited very low or negligible levels of oxidation activity of the sulfur compounds. The transposon insertion mutant strains grown in the presence of thiosulfate under mixotrophic conditions showed levels of oxygen consumption similar to those of the heterotrophic cultures of the wild-type strain (Table 3) . Mixotrophically grown wild-type cells showed sulfite oxidase activity 10 times higher than that of the heterotrophically grown cells, whereas the Sox Ϫ mutants exhibited sulfite oxi- Southern hybridization of mutant strains. Southern hybridization of the EcoRI-digested genomic DNA of Tn5-mob insertion mutants indicated the presence of a single copy of the transposon in the genome of KO2-1 and KO2-2 (Fig. 1A) and other mutants, except in KO2-3, which had two copies of the transposon (data not shown). No hybridization was detected when the wild-type DNA was probed with pSUP5011 (data not shown). Nine mutants were grouped in three classes according to the size of the EcoRI fragment hybridized with the transposon. An 11-kb EcoRI fragment of four mutants, KO2-7, KO2-8, KO2-10, and KO2-12; a 9-kb fragment of two mutants, KO2-1 and KO2-2 (Fig. 1A) ; and a 15-kb fragment of three mutants, KO2-4, KO2-5, and KO2-9, contained Tn5-mob in the genome. The mutant KO2-6 produced a 22-kb hybridized band, while the two copies of Tn5-mob present in the genome of KO2-3 resulted in two hybridized bands of 8.5 and 20 kb.
Cloning and sequencing of Tn5-mob-adjacent genomic DNA of KO2-1. The recombinant, pKTn-1, and the two subclones, pPM-1 and pPM-2, were constructed as follows. EcoRI-restricted genomic DNA of KO2-1 cloned in pBluescript KS(ϩ) resulted in the 12-kb recombinant plasmid pKTn-1. The 9-kb insert of pKTn-1 contained Tn5-mob flanked with genomic DNA of KO2-1 (Fig. 1D) . This was evident when wild-type DNA digested with EcoRI produced a 1.1-kb band in a Southern hybridization blot probed with pKTn-1 (Fig. 1B) . This probe did not show any detectable hybridization signal with the genomic DNA of E. coli C600 as well as diverse species of sulfur lithotrophs: T. novellus, T. ferroxidans, AS001, AS002, KCT002, and P. versutus (data not shown). The 6.2-kb BamHI fragment of pKTn-1 was religated to construct pPM-2 (which confers resistance to neomycin in addition to ampicillin), and the 3.7-kb BamHI fragment was cloned to generate pPM-1 ( Fig. 1C and D) . Transposon-adjacent genomic DNA of KO2-1, present in the two subclones, was sequenced. The sequences from these two subclones, connected by a 9-bp common sequence (AACTTATGG) generated at the transposon insertion site, resulted in a total of 1,124 bp of wild-type genome ( Fig. 2A) .
Nucleotide sequence analysis. The 1,124-bp sequence ( Fig.  2A) revealed a potential ORF, designated soxA (based on homology search analysis), predicted to start at nucleotide 154 and to end at nucleotide 1014. The calculated GϩC content (60%) of the coding sequence of soxA resembles the average GϩC content (60%) of KCT001 estimated from the melting temperature of the genomic DNA (data not shown). The ORF is preceded by a DNA region (nucleotides 1 to 112) of low GϩC content (54%) having Ϫ10-and Ϫ35-like sequences. The sequence between nucleotides 113 and 153, bearing potential ribosome binding sites, is highly GC rich (78%). Another ORF downstream of soxA initiating at nucleotide 1,104 with potential ribosome binding sites could be the second structural gene in this putative sox locus.
Amino acid sequence analysis of SoxA. soxA potentially encodes a protein of 286 amino acids. BLAST search results showed an overall similarity (29% identity and 48% similarity) of KCT-SoxA with a putative protein (AE-SoxA) of Aquifex aeolicus (gi/2984105 [AE000757] [11] ), though maximum homology (52% identity and 64% similarity) was noted between the C-terminal 166 residues of KCT-SoxA and the available partial (165-residue) SoxA sequence of P. denitrificans (emb/ CAA55827/X79242 [46] ). Further, the amino acid sequence of a soluble cytochrome c of Chlorobium limicola (19) exhibited 28% identity to that of KCT-SoxA or SoxA of A. aeolicus (Fig.  2B ) and 32% identity with the available C-terminal SoxA sequence of P. denitrificans (Fig. 2B) (19) . Thus, soxA gene products of three chemolithotrophs, KCT001, P. denitrificans, and A. aeolicus, and the cytochrome c of a photolithotroph, C. limicola, showed moderate homology, and 13% of the amino acids were found to be conserved (Fig. 2B) . The N-terminal 26 and 22 amino acid residues of KCT001 and A. aeolicus, respectively, appeared as signal sequences, indicating that the pro- cessed proteins of about 29 and 28 kDa, respectively, in molecular mass were located in the periplasm. The latter is a basic protein with an estimated pI of 9.97 in contrast to the pI of 4.62 of the KCT-SoxA protein.
Mapping of the transposon insertion Sox mutations relative to the position of soxA. It was shown from the sequence analysis ( Fig. 2A) that the mutant KO2-1 had the Tn5-mob insertion within the soxA ORF. It is unlikely that the Sox Ϫ phenotype in this mutant was due only to the mutation in soxA. A polar effect on the genes linked with soxA, distal to this insertion mutation, may explain the observed phenotype. Further, all the Sox Ϫ mutants were phenotypically similar. We developed a PCR-based method to verify that at least a few of these mutant strains contained independent transposon insertions adjacent to soxA in a common sox locus. Two primers designed from soxA at nucleotides 703 to 722 (soxAF) and 946 to 965 (complementary, soxAR) of the 1,124-bp genome sequence ( Fig. 2A) were used separately with a Tn5-specific primer (TnG) in PCRs with the DNA of Sox Ϫ mutants. The wild-type DNA produced an expected PCR amplicon of 263 bp corresponding to the genomic region between nucleotides 703 and 965 with soxAF plus soxAR (Fig. 3A, lane 2) . In KO2-1, the transposon insertion site at nucleotide position 938 ( Fig. 2A) can predict a PCR product of 323 bp with soxAF plus TnG (Fig. 3A, lane 3) . The same primer pair generated PCR products of distinct sizes from the DNA of four other mutants, KO2-7, KO2-8, KO2-10, and KO2-12 (Fig. 3A) . The other primer pair, soxAR with TnG, did not produce any detectable amplicon from the DNA of these five mutants (data not shown), but a product of about 400 bp was observed from KO2-2 (Fig. 3A, lane 4) . The size of a PCR amplicon provided the information to determine the specific site of an independent Tn5-mob insertion relative to the position of the genomic region corresponding to the respective soxAF or soxAR primer sequence. These results, along with the Southern hybridization data (Fig. 1A) for the EcoRI-restricted genomic DNA of the mutants probed with Tn5-mob, described earlier (data not shown), suggest that all these six independent insertion mutations could be clustered within a 4.4-kb DNA region having two contiguous EcoRI fragments of 1.1 and 3.3 kb (Fig. 3E) .
Confirmation of insertion mutation mapping and determination of Tn5-mob orientation. The PCR product from KO2-1 had the genomic region between nucleotides 703 and 946 (the last base of the 9-bp duplication at the site of transposon insertion) excluding the 79 bases from the Tn5 sequence. But from the DNA of other mutants, except KO2-2, the PCRs were extended beyond the EcoRI site situated at the right end of the 1,124-bp sequence ( Fig. 2A) of the genome. In KO2-2, the PCR amplicon contained the genomic region between nucleotide positions 965 and 650. Thus, a minimum genomic region between nucleotide positions 703 and 946 was assumed to be common in all the six PCR products (Fig. 3E) . This proved true in a Southern hybridization experiment probed with the PCR amplicon generated from the wild-type DNA using two sox primers (Fig. 3B) . Furthermore, a common EcoRI site in all the four PCR products (but not in the PCR products of KCT001, KO2-1, and KO2-2) was expected (Fig. 3E) to generate a fragment of 422 bp upon restriction with EcoRI ( Fig.  3C ; data for KO2-8 not shown).
The transposon insertion mutation sites as shown in Fig. 3E were further confirmed by Southern hybridization of the SalIrestricted DNA of the mutants probed with Tn5-mob. The SalI site of Tn5-mob (4, 38) bisected the transposon into two unequal portions of 2.7 and 5 kb (Fig. 3E) . The 1,124-bp sequence revealed a unique SalI site at nucleotide position 240. Thus, two bands of about 5.7 and 3.9 kb obtained from KO2-1 (Fig. 3D, lane 1) may be explained exclusively for a particular orientation of Tn5-mob in this mutant (Fig. 3E ). This would be Fig. 3E]) downstream of soxA could be predicted. It seems that a 1.9-kb SalI fragment of the wild-type genome suffered the independent Tn5-mob insertions, resulting in the development of five mutants, KO2-1, KO2-2, KO2-7, KO2-10, and KO2-12. Southern hybridization data with the SalI-restricted DNA of these five mutants (Fig. 3D) perfectly conformed with this prediction, and the results not only determined the orientation of the transposon in the genome of each mutant but also confirmed our mapping of the mutations. The transposon insertion mutation site in KO2-8 was outside this 1.9-kb SalI DNA region. The sizes of the two SalI bands (Fig. 3D, lane 4) from this mutant DNA indicated a possible orientation of Tn5-mob and the existence of another SalI site adjacent to the site of transposon insertion.
DISCUSSION
We have conducted transposon insertion mutagenesis in a facultative sulfur lithotrophic bacterium, KCT001, and described a simple method of mapping a group of mutations, which identified a DNA region essential for dissimilatory thiosulfate oxidation.
Twelve Tn5-mob insertion mutants impaired in thiosulfate oxidation (Sox Ϫ ) were phenotypically indistinguishable in the biochemical characteristics associated with sulfur lithotrophy ( Table 2 ). The heterotrophic growth of the mutants in MSS or complex rich medium (LB) did not show any difference from that of wild type. It indicates that the organotrophic nutrition had not been affected due to the mutation impairing sulfur lithotrophy. A soxA gene was identified from the transposonadjacent genomic DNA of a mutant, KO2-1. The insertion mutation in KO2-2 was 300 bases upstream of the KO2-1 mutation and within the soxA ORF, and the four other transposon insertion mutations were mapped downstream of this soxA gene.
The PCR-based method used to map a group of Sox mutations had been possible because a Tn5-specific primer, TnG, directed DNA synthesis outward from both ends of the transposon. But a successful PCR product was possible from only one end of the transposon when suitably paired with the soxAF or soxAR primer. The method, in fact, has been found effective in genome walking of a bacterium using transposon insertion mutants, and it is worth pursuing with other poorly characterized genetic systems.
The amino acid sequence similarity of KCT-SoxA to a putative protein of A. aeolicus and SoxA of P. denitrificans is highly significant and needs to be explained. There are several conserved regions including the two heme-binding sites of cytochrome c, although only one such cytochrome c motif is apparent in SoxA of P. denitrificans (Fig. 2B) . A. aeolicus is a hyperthermophilic, hydrogen-oxidizing obligate chemolithoautotroph (11), whereas P. denitrificans is a hydrogen-and thiosulfate-oxidizing facultative chemolithoautotroph (13, 14) . Although sulfur lithotrophy of the recently described A. aeolicus is not known, the presence of a SoxA homolog in this bacterium is intriguing. More importantly, the genome sequence (11) search of A. aeolicus revealed that the respective putative gene (Aq 1807, EMBL accession no. AE000757) is clustered with a putative cytochrome c, a SoxB homolog of P. denitrificans, two other putative genes, and a rhodanese. The homology in the C-terminal residues of KCT-SoxA with the published 165-residue sequence of P. denitrificans indicates similar functions of soxA in sulfur lithotrophy of these two species. The identical nature of these two soxA gene products was evident when hydropathy profiles of these two sequences were superimposed (data not shown). On the other hand, the SoxA homolog of A. aeolicus is not very similar to that of KCT001 or P. denitrificans and has a transmembrane helix domain (between 116 and 135 residues) which is not found in the other two SoxA proteins. Further, the higher level of charged residues (32%) in this protein compared to those of the SoxA protein of KCT001 (27%) is a salient characteristic of thermophiles (11) . This extremophile is one of the earliest to diverge in the eubacterial tree (11) and evolved in an environment highly dominated by archaea. At least two hyperthermophilic archaea were shown to have lithotrophic growth on sulfur compounds and hydrogen (14) . Moreover, it was suggested that A. aeolicus had acquired several genes from archaebacteria by means of lateral gene transfer (2) . Thus, though the putative soxA gene products appear as a diheme cytochrome c, the origin of soxA in A. aeolicus may be distinct from origins in the two other facultative sulfur lithotrophs.
The phototrophic green sulfur bacterium C. limicola can use thiosulfate as a photosynthetic electron donor (28) , and cytochrome c 551 was thought to be the electron acceptor in this photosynthetic process of thiosulfate oxidation (19) . The homology between this cytochrome c 551 and KCT-SoxA (or SoxA of P. denitrificans and A. aeolicus) is surprising because the former protein is a monoheme cytochrome c (19) . Therefore, it is unlikely that these two cytochromes are related or have a similar function in the oxidative metabolism of thiosulfate by the photolithotroph C. limicola and the chemolithotroph KCT001 or P. denitrificans. P. denitrificans along with other phylogenetically close sulfur lithotrophs, such as P. versutus (14, 22) , AS001, AS002, and KCT002 (unpublished observation; C. Deb et al., unpublished data), cluster in the Rhodobacter subgroup of the ␣ subclass of Proteobacteria, whereas the strain KCT001, also a member of the ␣ subclass of Proteobacteria, clusters in the Rhizobium-Agrobacterium subgroup (unpublished observation; C. Deb et al., unpublished data). However, the photosynthetic green sulfur bacterium C. limicola is a member of a different division, Chlorobiaceae, of the phylogenetic eubacterial tree (22) . However, a moderate homology between a monoheme cytochrome c of a photosynthetic green sulfur bacterium, C. limicola, and the diheme cytochrome c of chemolithotrophic bacteria, KCT001 and P. denitrificans, indicates a common ancestral origin of Sox genetic systems.
The requirement for soxA in sulfur lithotrophy of P. denitrificans was not tested (46) . However, the soxA gene product of P. denitrificans has been claimed to be a 29-kDa subunit of cytochrome c (14) , which is yet to be authenticated. Two Sox Ϫ mutant strains, KO2-1 and KO2-2, had Tn5-mob insertion within the soxA ORF, and hence a requirement for soxA in thiosulfate oxidation by KCT001 is evident. The phenotype of soxA mutant KO2-1 or KO2-2 cannot be determined since Tn5-mob insertion in soxA is likely to impart a polar effect in the expression of a gene(s) downstream from soxA. Four other Sox Ϫ mutations were clustered with KO2-1 and KO2-2 mutations in a 4.4-kb genomic DNA region of the wild type. The results thus indicate that a sox locus was affected by all these six independent insertion mutations. All the selected Sox Ϫ mutants of KCT001 were defective in the oxidation of sulfur compounds including tetrathionate. So, presumably the sox locus of KCT001 is distinct from that of the soxABCDEF cluster of P. denitrificans, which does not oxidize tetrathionate (14) .
From the Southern blot analysis of EcoRI-restricted DNA of three mutants, KO2-4, KO2-5, and KO2-9, it is apparent that these mutations may be within an 8-kb EcoRI fragment of the genome, but the two other mutants, KO2-3 and KO2-6, showed different sites of transposon insertion in the genome. Twelve thiosulfate oxidation-negative mutant strains of KCT001, apparently mapped in distinct loci of the genome, could not be distinguished phenotypically, in terms of oxidation of sulfur compounds and thiosulfate or sulfite oxidase and rhodanese activity (Tables 2 to 4 192, 1987) . The existing knowledge about the sulfur lithotrophic process, evolved in diverse microbial species, is unable to define the mutations with specific functions. In other words, mutations affecting distinct loci leading to a particular phenotype, viz., sulfur lithotrophy, are not distinguishable from the biochemical parameters used in this study or by previous authors. In fact, the nature of the enzymes, proteins, intermediates, and products of the individual enzymatic reactions, leading to the final oxidation product, sulfate, in any of the known sulfur lithotrophic processes remains to be understood.
Finally, we note that our identification of a sox locus in a new sulfur lithotrophic bacterium, KCT001, in conjunction with the already reported finding of a tentative sox operon of P. denitrificans and the known presence of a region in the genomic sequence of A. aeolicus having a putative gene cluster with a potential Sox-related function, will hopefully lead to further characterization that will come up with a novel operon(s) in order to uncover the molecular biology of sulfur lithotrophy, the widely distributed and earliest-discovered chemolithotrophic process.
